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Abstract .  Using a recently developed Adaptive Simulated Annealing algorithm, 
we have performed total energy minimizations for small silicon clusters of sizes 
from 10 to 36. The total energy and forces are calculated with the generalized 
tight-binding parametrization by Kwon et al. [1] The final ground state structures 
are reached after about 100,000 to 200,00(3 molecular dynamics time steps. A few 
stable clusters with relatively large HOMO-LUMO gap, which is a signature of 
their stability can be identified. For the stable, high cohesive nergy ('lusters. we 
also calculate the vibrational spectra, and predict he modes that can be delected 
under IR and Raman spectroscopy. 
INTRODUCTION 
Recently, there has been much interest in studying the ground state con- 
figuration of small silicon clusters both theoretically [2 6] and experimentlly 
[7,8]. Some papers do not perform a systematic optimization, and only try to 
optimize some highly symmetric onfigurations. In this paper, we attempt o 
perform a systematic study by using the generalized tight-binding parametriza- 
tion of Kwon et al. [1]. This orthogonal parametrization has been successful 
in calculating total energies of several crystalline phases of silicon. 
I CALCULAT ION METHOD 
The electronic structure as well as total energy and tile vibrational spectrum 
have all been calculated by the tight-binding method. We have used tile for- 
mulation proposed by Kwon et al. [1] in which the total energy is written as a 
sum of single-particle nergy eigenvalues and a short-range repulsive term. In 
general, the LDA cohesive nergy curves of cubic and diamond strttctures are 
reproduced accurately with this orthogonal scheme. 
For the structural optimization, we use the Adaptive Simulated Annealing 
(SA) technique [9]. In this algorithm, one starts at a high temperature well 
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above melting, and lowers the temperature after about 5(10 to 1000 Molecular 
Dynamics (MD) steps, according to the follwing equation: 
dT _ (1 )  
dt 
where v is a velocity scale taken as a constant (v = 0.1 to 1), C is the heat 
capacity of the system indicating the fluctuations in the average configurational 
(or potential) energy, and e represents he relaxation time, and is related to the 
second highest eigenvalue of the transition matrix by the following relation: 
e = -Log(qx-1). After reaching a temperature of about 300 K. we stop the SA 
algorithm, and minimize the structure by a velocity scaling lechnique which 
is very similar to the Steepest Descent (SD) algorithm. For computations 
of the vibrational spectra or IR intensities, one needs a fully relaxed sel of 
coordinates; in this case, the relaxation is performed by using the Newton's 
method. 
To calculate the IR intensities of each of the vibrational modes, one can either 
use the finite difference method, or the linear response theory to compute tile 
effective charge tensor. In the finite difference method, one calculates the 
change in the dipole moment after a small distorsion along the vibrational 
mode is applied to the system. The IR intensity is given by tile square of this 
change: 
Ix o(ID(A) - Dol 2 (2) 
where Do is the permanent dipole moment and D(,\) is the dipole moment 
of the distorted cluster along the vibrational mode ~. In the linear response 
formalism, one computes the same expression by calculating analytically the 
difference, in other words, by computing the first order term in the Taylor 
expansion of the dipole moment: 
5 o~ ~ I ]E  ~9(~')V~D~I  (3) 
a=1,3 i : l ,N 
In the tight-binding formalism, the finite difference method is preferable 
over the linear response, since it involves ground state properties of the sys- 
tem whereas the perturbation treatment [10] requires computation of large 
sums involving the eigenvalues of the excited states which are not computed 
accurately even in LDA-based ab-initio methods. Therefore, we use the fi- 
nite difference technique (equation 2) to compute the IR intensities. We use 
the following approximation for computing the matrix elements of the dipole 
moment operator: 
a Ca < iulr~[J# >-~(~ij(~u,Ri -}-~utl) (4) 
where S~, = fg,2~(r)r~2p,(r)dr = 5' for u = 2s and p = 2po, and zero 
otherwise. The indices u, /t refer to the orbitals and i,j refer to the atoms whose 
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coordinates are represented by R. In our calculations, ,_';' is a free parameter 
which can be adjusted. We use the sum rule ~i  Z~ 3 = 0 on the effective charge 
tensor Z ~;~ = V3D ~ to fix the value of S since in perturbation treatment, he 
sum rule is not satisfied anymore. By imposing the above sume rule on the 
cluster Si12, we find S = 8.21A. 
I I  RESULTS AND DISCUSSION 
The relaxations were performed for clusters of size 5 to 30. The initial 
temperature in all runs was 3500 K and the temperature update was done every 
500 (and 1000 for larger clusters) time steps. The MD time step was 1.018 
fs and the verlet algorithm had been used to update the atomic coordinates. 
The annealing was done in a hard-wall spherical box of radius increasing with 
deceasing temperature. The runs were made on 5 processors in parallel and 
the thermodynamic data were collected during 500 MD steps, and used to 
perform statistics in order to compute thermodynamic quantitites uch as the 
equilibrium distribution, heat capacity C and relaxation time r For more 
details about the SA algorithm, we refer the reader to reference [9]. 
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F IGURE 1. SA results for the gap and the binding energ3 
The results for sizes from 5 to 12 were compared with already available 
theoretical results. We found general agreements with previous calculatiorls 
[5,3] except for ..... The binding energies per atom, as well as bandgaps of the 
annealed structures are presented in figure 1. As one can see, 12,18. and 24 
can be identified as magic numbers. It is also found that inost of tlle larger 
structures are based on the icosahedral geometry of 5'ix2, where all atoms are 
5-fold coordinated. In fact, the average coordination umber per atom for the 
studied clusters turned out to be 5 more than 70~ of the time. This is a 
unique feature of the considered clusters which is absent in known silicon solid 
structures where the coordination umber is mostly equal to 4. For larger 
clusters of size 25 or more, we found that they are composed of aggregates 
of smaller clusters such as 5'i9, ~qilo and mostly Si12. for example ,q'i:~2 is a 
cluster with C2v symmetry composed of a Sit2 connected by two bonds to 
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F IGURE 2. IR Intensities for Sil2, and Sil2 dimer (broadening = 5 cm -1 ) 
two Si10, and similarly S/33 has the same structure with 5'i9 connected to 
two Si12. Larger clusters of size 40 to 60 were also found to be composed of 
aggregates of smaller Sil2, Sire and similar clusters. This is the main finding 
of our study, which is in contrast with previous models of fullerene cage stuffed 
with diamond-like structures [7,11,12]. 
Additionally, we have computed the phonon frequencies and IR absorption 
of Si12 and Si~4 magic clusters. The IR intensities of these clusters is displayed 
in figure 2. These results may be compared to the experiment to confirm our 
predictions. 
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